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Workshop  on  the  Road  to  Room  Temperature 
Superconductivity 


A  workshop  was  held  October  19-21,  1992,  in  Bodega  Bay, 
California,  to  discuss  possibilities  for  attaining  room  temperature 
superconductivity.  It  consisted  of  presentations  and  discussions  by 
the  attendees.  An  agenda  and  attendee  list  is  attached  as  Appendix 
1  and  2. 

A  short  article  summarizing  the  discussions  has  been  published 
in  Science,  Vol.  259.  12  March  1993.  and  is  attached  as  Appendix  3 
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2:30-5:30 


7:30  -  9:30 

Qma 


Tuesday 
8:30  -  12:30 

Steisht 


4:00  -  6:00 

Kiielson 


7:30  -  9:30 

Murphv 


Wednesday 
8:30  -  10:00 
Weinstock 


10:30- 12:30 

Geballc 


-  Agenda 


THE  SEARCH  FOR  ROOM  TEMPERATURE 
SUPERCONDUCTIVITY 
Bodega  Bay,  California 
October  19-21, 1992 


Variation  of  Svnihesis  parameters  such  as 
composition,  pressure /quench  and  annealing  schedules. 
epitaxy. 

Wenger:  (Trace  signals  in  cuprates,  T  >180K) 

Dynes:  Reliablity  of  trace  signals. 

Sleight:  Infinite  layered  cuprates 

Scott:  Layer  by  layer  and  high  pressure  synthesis 


Murphy:  Buckyballs 

Kivelson:  R3C6O  superconductivity  -  new 

possibilities? 


Systems  with  interesting  possibilities 

DiSalvo:  nitrides,  cluster  compounds 
Johnson:  amorphous  glasses 
Stacy:  oxides  via  low  temperature  synthesis 
Cava:  oxides 


Fisk: 

Mitzi: 

Gorkov:  comments 


Torrance  -  conductivity  and  superconductivity  (oxides) 
Williams:  conductivity  and  superconductivity  (organics) 
Little:  comments 


RTS  -  is  there  a  good  case? 
Dynes:  experimental 
Laughlin:  theoretical 


Summary  discussion:  all  participants 


APPENDIX  3 


PERSPECTIVE 

Paths  to  Higher  Temperature 
Superconductors 

Theodore  H.  Geballe 


History  shows  right  trom  the  beginning  that 
there  has  been  no  successful  prediction  of 
new  families  of  superconductors.  Discoveries 
in  t!.:;  -^icldhave  been  unexpected,  even  revo¬ 
lutionary’,  and  not  foreseen  as  simple  and 
logical  next  steps  in  an  ongoing  scientific 
enterprise.  The  Bednon -Muller  discovery  of 
superconductivity  in  the  copper-oxide  per- 
voskite  family  { 1 )  was  just  such  a  revolution¬ 
ary  jump.  But  evolutionary  research  aimed  at 
the  synthesis  and  characterization  of 
new  compositiotis  can  also  give  in¬ 
sightful  and  even  unexpected  results. 

To  this  end,  a  2-day  workshop  (2)  was 
recently  held  in  which  a  diverse  group 
of  researchers  discussed  the  possibil¬ 
ity  of  reaching  substantially  higher 
transition  temperatures  than  are  pres¬ 
ently  known. 

The  cuprate  superconductors  have 
in  common  planes  or  sheets  of  copper 
oxide  (CUO2)  in  which  superconduc- 
tiviry  is  believed  to  occur.  The  satur¬ 
ation  of  the  transition  temperature 
(T)  near  125  K  in  spite  of  the  syn¬ 
thesis  of  dozens  of  new  compounds 
might  suggest  that  the  limit  of  T^  has 
been  reached.  However  trace  signals — 
possibly  associated  with  supercon¬ 
ductivity — have  been  observed  at  much 
higher  temperatures  on  many  occasions 
in  different  laboratories.  It  is  not  trivial 
to  establish  their  origin.  Resistive  and 
magnetic  signals  in  inhomogeneous  .samples 
can  mimic  superconducting  ones  and  have 
frequently  been  interpreted  as  such  even 
though  they  are  spurious  and  can  easily  be  un- 
derstocxJ  in  terms  of  thfe  topological  character¬ 
istics  of  the  inhomogeneity.  More  careful  ex¬ 
periments  are  needed  to  track  down  the  source 
of  those  that  may  be  due  to  nontrivial  causes. 

An  obvious  and  worthwhile  approach  is 
to  synthesize  new  compounds  in  which  the 
Cu02  planes  have  new  environments.  They 
are,  in  all  but  one  of  the  known  families  of 
superconductors,  .separated  by  intermediate 
layers.  These  layers  serve  the  dual  functions 
of  providing  lattice  .stability  and  providing 
itinerant  charge  carriers  to  the  Cu02  planes 
by  the  same  type  of  charge  transfer,  which  is 
known  as  “modulation"  doping  in  semicon¬ 
ductor  parlance.  R.  Cava  (AT&T  Bell  Labo¬ 
ratories)  pointed  out  that  there  are  presently 
ten  families  of  intermediate  layers  [for  exam- 

The  author  is  in  the  Department  of  Applied  Physics, 
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pie,  {La,Sr)0,  CuO,  and  (BiOj),  each  of 
which  has  the  potential  of  separating  se¬ 
quences  of  one  to  three  CuO»  sheets.  It  shou  Id 
be  pcissible  to  introduce  a  much  wider  variety 
of  intermediate  "block"  or  “mushy"  modula¬ 
tion  doping  layers  between  Cu02  planes.  In 
addition  to  the  nontrivial  problems  associ¬ 
ated  with  getting  the  composition  right,  very 
demanding  processing  paths  are  sometimes 
necessary.  For  instance,  in  the  new  families 


(presently  nonsuperconducting)  based  on 
La4,4„Cu8,2nOi4t8n  building  blocks,  the  n  =  2 
member  is  obtained  only  when  it  is  quenched 
from  a  very  narrow  range  of  temperatures 
near  1000  K  (3).  A.  W.  Sleight  (Oregon 
State  University)  pointed  out  that  probably 
all  the  superconducting  cuprates  are  meta¬ 
stable;  consequently  even  systematic  investi¬ 
gations  made  by  varying  the  composition  can 
easily  miss  key  structures.  Attention  must  be 
paid  to  the  temperature-  and  time-depen¬ 
dent  details  of  the  synthesis. 

Z.  Fisk  (Los  Alamos  National  Laboratory) 
discussed  some  unusual  features  in  the  2-1-4 
system,  including  the  variation  of  T,  with 
carrier  concentration.  The  question  of  what 
causes  T^  to  decrease  with  overdoping  and  how 
this  relates  to  the  phase  diagram  shows  that 
there  is  still  much  about  the  doping  process 
that  is  not  understood.  This  was  amplified  by 
L.  Gorkov  (Florida  State  University).  Is  a  large 
Fermi  surface  opened  by  an  arbitrarily  small 
doping  level?  Or  are  holes  intnxluced  into 
small  pcKkets  of  a  s<5mewhat  independent 
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baird  while  spins  remain  L/ealued.^  Is  the  su 
perconductis  -ty  attributable  ti>  earners  in  the 
flickers  interacting  with  spin  fluctuations' 
Pcrovskife  phases  are  highly  favored  at 
high  pressure.  In  general,  ciKirdination  num¬ 
bers  are  increased  at  high  pressure  and  there 
is  the  ptis-sibility  of  obtaining  unusual  oxida¬ 
tion  states  and  metastable  phases  by  high- 
pressure  quenches.  B.  A.  Scott  (IBM  York- 
town  Heights)  emphasized  that  high-pres¬ 
sure  phases  can  be  used  a.s  precursors  for  the 
synthesis  of  new  phases  that  cannot  be 
reached  bv  conventional  paths. 

Of  the  many  other  superconducting  fami¬ 
lies,  the  three-dimensional  ternary  bismuth- 
ates  stand  out.  These  are  based  on  +4  bis¬ 
muth,  which  is  unstable  with  respect  tocharge 
density  wave  fonnation  (or  disproponion- 
ation).  Ternary  compounds  offer  the  advan¬ 
tage  of  being  able  to  provide  one  site 
for  doping  that  is  not  hybridized  into 
the  conduction  band.  For  instance, 
substituting  K  on  the  nonconduc¬ 
tion  band  Ba  site  of  BaBiOj  results 
in  Tj(max)  around  30  K,  whereas 
substituting  on  the  conduction  band 
sites  [Ba(BiPb)O)]  gives  T(max) 
around  13  K.  The  extra  degrees  of 
freedom  that  ternary  systems  have  to 
offer  have  yet  to  be  fully  exploited, 
and  much  more  needs  to  be  learned 
about  the  parameters  that  determine 
whether  a  dopant  will  produce  a  lo¬ 
cal  or  an  itinerant  carrier. 

The  need  for  a  general  database 
of  materials  properties  for  under¬ 
standing  metallic  versus  insulating 
behavior  was  stre.ssed  by  j.  Torrance 
(IBM  Almaden). 

D.  W.  Murphy  (AT&T  Beil  Labo¬ 
ratories)  and  S.  Kivelson  (UCLA) 
discu.ssed  the  fulleride  superconduc¬ 
tors.  A  wide  spectrum  of  theoretical  models 
of  the  superconducting  pairing  interaction 
responsible  for  the  surprisingly  high  values  of 
T,,,  which  range  up  to  30  K,  involves  interac¬ 
tions  from  purely  electronic  repulsive  corre¬ 
lations  to  phonon- induced  attraction.  The 
situation  is  not  dissimilar  to  the  cuprates; 
however  here  the  common  structural  feature 
is  the  buckyball.  Charge  is  donated  to  the 
ball  by  the  alkali  metal  (A)  ions.  The  A,Cfto 
compounds  are  metals  and  superconductors 
with  two  distinct  energy  scales  for  excita¬ 
tions;  one  “intra”  (that  is,  localized  on  a  single 
buckyball)  and  the  other  “inter"  (between 
the  balls).  The  single  ball  molecular  struc¬ 
ture  is  rigid,  and  so  phonon  energies  are  high 
and  the  electron-phonon  interaction  should 
be  weak.  The  inter-ball  modes  are  very  low  in 
energy  and  would  require  unusually  strong 
pairing  to  account  for  T,.  Models  under  con¬ 
sideration  involve  both  energy  scales.  Strat¬ 
egies  for  obtaining  higher  T/s  include  adjust¬ 
ing  the  inter-ball  coupling. 

j.  Williams  (Argonne  National  Lahora- 


Helpful  Hints  for  Finding  New  Superconductors 


1 .  Materials  should  be  multicomponent  structures  with  more 
than  two  sites  per  unit  cell,  where  one  or  more  sites  not 
involved  in  the  conduction  band  can  be  used  to  introduce 
itinerant  charge  carriers. 

2.  Compositions  should  be  near  the  metal-insulator  Mott 

transition.  •  ■ .  .  .  - 

3.  On  the  insulating  side  of  the  Mott  transition,  the  localized 
states  should  have  spin-1/2  ground  states  and  antiferromag¬ 
netic  ordering  of  the  parent  compound, 

4.  The  conduction  band  should  be  formed  from  antibonding 

tight-binding  states  that  have  a  high  degree  of  cation-anion 
hybridizaton  near  the  Fermi  level.  There  should  be  no  ex¬ 
tended  metal-metal  bonds.  s  1 

5.  Structural  features  that  are  desirable  include  two-dimeti'- 

sional  extended  sheets  or  clusters  with  controllable  linkage, 
or  both.  '  .  ' f  mA.  ;  • 
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Going  up?  This  plot  of  the  highest  transition  temperature 
versus  year  has  not  changed  since  1988- 


tory)  discussed  the  ortjanic  chart>c  transfer 
salt  superconduetttrs.  In  these  systems,  eom- 
peting  instabilities  such  as  spin  and  charije 
density  waves  are  prevalent.  The  richness  of 
the  competition  is  illustrated  by  the  Et-hased 
superconductors.  In  k(Et)2CujN{CN),|Cl 
the  two-dimensional  metallic  organic  layers 
support  an  antiferTomap'iietic  transition  at  45 
K,  followed  by  a  weak  terromagnetic  transi¬ 
tion  at  22  K  (4)  it  cooled  without  strain.  Tlie 
application  of  a  modest  pressure  (0.3  kbar) 
suppresses  the  magnetism  completely,  result¬ 
ing  in  a  12  K  superconducting  transition.  A 
survey  of  organic  systems  (5)  allows  one  to 
conclude  that  two-dimensional  materials  are 
much  more  favorable  for  finding  supercon¬ 
ductivity  than  one-dimensional  ones,  prob¬ 
ably  becau.se  of  the  charge  and  spin  density 
wave  insrahilities  that  cannot  be  suppressed 
easily  in  one-dimensional  materials. 

If  an  indiscriminate  search  were  to  be  made 
for  discoveries  that  are  truly  revolutionary, 
the  odds  are  very  bad  because  there  is  an 
infinite  number  of  multi-component  meta¬ 
stable  compounds  to  chixise  from.  One  should 
be  prepared  to  use  all  the  hints  that  can  be 
gleaned  from  experiment  and  theory  as  guides. 
As  the  experience  of  Bednorz  and  Muller 
shows,  even  a  wrong  hypothesis  can  prove  to 
be  a  shining  beacon  (6).  Further,  Wu  et  al. 
were  attempting  to  use  cation  substitution  to 
simulate  high  pressures  following  the  semi¬ 
nal  studies  of  Me  Whan  and  co-workers  (7) 
when  they  discovered  90  K  superconductivity 
in  an  unknown  and  unanticipated  phase  (8). 

According  to  Frank  Di  Salvo  (Cornell 
University),  BaCoS^  is  a  compound  with 
potential  for  opening  new  insights.  This  com¬ 
pound  has  a  layered  structure  in  which  the 
C<.)S2  sheets  are  formed  by  edge-sharing  square 
prisms.  Compare  this  with  the  copper  oxides, 
where  the  CuCT  layers  are  comer-sharing 
square  prisms.  It  is  a  Mott  insulator,  and  if  it 
can  be  doped  into  a  metallic  state  will  it 
become  superconducting? 

Relatively  few  nitrides  have  been  syn¬ 
thesized,  and  little  is  known  about  solid-state 
nitrides  compared  with  the  oxides,  halides, 
sulfides,  phosphide.-,,  or  carbides.  Di  Salvo 
has  discovered  ways  of  synthesizing  ni¬ 
trides  by  using  electropositive  metals  in  ter¬ 
nary  systems.  LiMoN^,  tor  example,  is  a  lay¬ 
ered  .structure  similar  to  lithium  intercalated 
MoS,.  Band  calculations  on  this  material  by 
D.  Singh  etal.  (Naval  Re.search  Laboratory) 
.show  large  contrihution.s  to  the  density  of 
states  at  the  Fermi  level  by  the  nitrogen  an¬ 
ions.  LiMoN;  is  apparently  an  ionic  metal 
reminiscent  of  the  cuprates,  investigations  of 
the  transport  properties  arc  under  way.  Di 
Salvo  further  noted  that  mixed  nitride  fluo¬ 
ride  systems,  from  the  valence  point  of  view, 
average  to  oxygen.  The  opportunity  to  em¬ 
ploy  anion  doping  by  varying  the  ratio  of 
nitrogen  to  fluorine  offers  po.ssihilities  in 
addirion  to  more  usual  cation  doping  to 


move  away  from  an  insulating  state. 

D.  Mitzi  (IBM  Yorktown  Heights)  dis¬ 
cussed  the  intercalation  of  mono-  and  diali- 
phatic  amines  and  aromatic  species  in  be¬ 
tween  inorganic  perovskite  layers,  including 
a  copper  bromide  perovskite  layer  in  which 
the  copper  is  sixfold  coordinated  by  bromine. 
This  da.ss  has  structural  similarities  to  the 
high-Te  cuprates.  Here,  however,  the  inorgan¬ 
ic  intermediate  layer  is  replaced  by  an  or¬ 
ganic  “mushy"  layer,  thereby  providing  more 
flexibility  to  tune  to  properties  of  the  active 
perovskite  layer. 

A.  Stacy  (University  of  California,  Ber¬ 
keley)  discussed  the  use  of  molten  oxides  as 
fluxes  from  which  cuprates  can  be  grown  at 
temperatures  lower  than  for  other  methcxls. 
Entirely  new  compounds  have  been  discov¬ 
ered  using  the  molten  salt  technique.  For 
instance.  La,  a,Nao  i2Cu04^,  with  a  of  26  K 
was  found  to  separate  out  at  320°C. 

Vapor  phase  deposition  with  advanced 
molecular  beam  epitaxy  techniques  has  been 
adapted  with  much  succe.ss  to  fabricate  oxide 
structures.  Layer-by-layer  growth  has  pro¬ 
duced  artificial  BiSrCaCuO  structures  with 
(CuO,)„.i(Ca)„  sequences  forn  =  1  to  7  (9). 
T,.  probably  decreases  below  the  HO  K  max¬ 
imum  for  n  =  3.  It  is  likely  that  decrea.ses 
for  n  greater  than  3  because  the  inner  layers 
ate  underdoped.  It  is,  however,  possible  to 
directly  dope  the  inner  layers  with  holes  if 
vacancies  or  monovalent  cations  such  as  K 
are  substituted  for  the  Ca  ions.  A  particularly 
interesting  sy.stcm  where  this  has  been  done 
to  some  extent  is  the  mcta.stahle  .stnicture 
with  no  intermediate  layering,  the  so-called 
infinite  layer  stnicture,  which  consists  only 
of  (CuO,)„.,( A),  planes  (for  A  divalent 
and/or  trivalent).  Such  stnictiires  have  been 
obtained  by  pre.ssure  quenching  as  well  as  by 
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in  view  oi  all  ut  the  possihili 
ties  discussed  at  the  workshop, 
certain  general  goals  can  beenu 
meraied.  We  should  learn  how¬ 
to  introduce  earners  into  Mott 
insulators.  We  need  to  find 
methods  of  doping  that  mini¬ 
mize  disorder.  We  can  liKik  tor 
systems  where  more  than  one 
energy-scale  can  come  into  play 
and  where  each  can  he  scpa 
ratelv  manipulated.  We  should 
study  systems  with  identitiaHe 
substnicture.s  that  can  he  lower 
dimensional  entities  connected 
by  variable  links.  We  should  develop  a  better 
theoretical  understanding  of  highly  corre¬ 
lated  systems,  which  R.  Laughlin  (Stanford 
University)  emphasized  requiresquanntacive 
measurements  on  high-quality  samples. 

But  what  is  essential’  R.  C.  Dynes  (Uni¬ 
versity  of  California,  San  Diego)  noted  seem¬ 
ingly  opposite  criteria:  localized  versus  delo¬ 
calized,  stable  versus  metastablc,  defect-free 
versus  doped,  cluster  versus  uniform,  reduced 
dimensionality  versus  three -dimeasional,  and 
simplicity  versus  complexity.  All  may  he  rel¬ 
evant  in  crucial  ways.  By  definition,  logical 
pathways  arc  evolutionary.  For  the  truly  revo¬ 
lutionary  discoveries  that  open  entirely  new 
vistas,  expert  opinion  is  in.idcquate.  How¬ 
ever,  imaginative  research  inspired  by  logical 
(though  not  necessarily  correct)  ideas  has  led 
to  revolutionary  results  m  the  past.  The  hope 
is  that  with  gixxi  experiments,  gtuxi  intu¬ 
ition,  and  gotxl  luck,  it  can  happen  again. 
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